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Abstract: Portland Cement Concrete (PCC) pavement was studied with incorporation of an envi-
ronmentally friendly eco-additive, sodium acetate (C2H3NaO2). This additive was added to PCC
pavement in three different percentages of 2%, 4% and 6% of binder weight. For a comprehensive
elucidation of the eco-additive incorporation on the performance of PCC pavement, casted samples
were cured in three different environments, namely: water, outdoors and pond water. Water ab-
sorption tests, flexural and compressive strength tests after 7 and 28 days of curing were conducted
and results compared with the control samples without any addition of sodium acetate. Results
demonstrated a significant improvement in the impermeability, compressive strength and flexural
strength of PCC pavement when sodium acetate concrete is cured in a water bath and outdoors.
However, no/little improvement in the impermeability, compressive strength and flexural strength
was observed in sodium acetate samples that were cured in pond water. Microstructural analysis of
treated samples by using scanning electron microscopy (SEM) illustrated the strengthening effect
that sodium acetate provides to the pore structure of concrete pavement.
Keywords: sodium acetate; eco-friendly additives; concrete pavement; C2H3NaO2; sustainable
construction; morphology
1. Introduction
Pavement construction and design have seen significant development in the past
few years in terms of enhanced properties, less required maintenance procedures and
cost efficiency [1]. However, the environmental repercussions that result from pavement
construction have been barely considered by the industry and research communities [2,3].
In the past decade, more research has started to consider the environmental impacts
of highway construction, which has revealed its vulnerability and the potential risks from
its degradation with time [2]. Therefore, sustainable construction and green design of
pavement have come to the forefront of ways to reduce greenhouse gas emissions, re-
duce resources exhaustion and increase the use of sustainable construction materials [4].
Accordingly, employing environmentally-friendly, bio-waste and by-products in the pave-
ment construction material has become one of the most preferred strategies in line with
sustainable development goals [5].
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Portland cement concrete (PCC) pavement is widely used around the world in con-
structing roadways and highways due to its long service-life and low maintenance cost
compared to asphalt pavement [6–9]. However, the presence of environmentally-unfriendly
material like Portland cement as the main constituent in its composition is considered a sig-
nificant disadvantage from the sustainable development perspective [10]. The production
of Portland cement is responsible for more than 7% of the total CO2 emissions in the world,
which has led researchers to explore other environmentally-friendly materials to partially
replace cement and reduce its impact on the environment [11–17]. However, any pavement
produced by replacement of cement with other materials must, at least, meet the properties
of the original PCC to ensure the production of concrete with satisfactory mechanical and
physical properties, especially under harsh conditions.
Many materials have been used as alternatives to Portland cement either for the pur-
pose of full or partial replacement for enhancing cementitious composites’ properties and
at the same time reduce the negative impact on the environment. Fly ash, geopolymers,
nanosilica, nanographite and many other materials were used as substitutes or additives
for cementitious composites in pursuit of sustainable development [5,10,18–22]. Moreover,
these supplementary cementitious materials have been used in order to reduce the deterio-
ration rate and extend the service-life of concrete and/or mortar. One of these materials
that was considered in authors’ previous research is C2H3NaO2, commonly known as
sodium acetate [3,8,23]. Sodium acetate is an environmentally-friendly material that has
shown promising results when mixed with cement [3,8,24–26]. It was proven that sodium
acetate is safe for the environment as it is a biodegradable material and does not include
chloride in its composition [27] and adding sodium acetate to cementitious composite
materials leads to an enhancement in the durability and reduction of degradation rates [23].
Previous studies revealed that adding sodium acetate to concrete with low w/c ratios
(below 0.40) would increase the compressive strength by more than 60% and reduce the
permeability by more than 70% [3,8,23]. However, further research is necessary in order to
assess the performance of this material when cementitious composite materials are subject
to various harsh curing and environmental conditions.
Accordingly, the objectives of this study were to: (1) assess the feasibility and expedi-
ence of using such eco-friendly additive in PCC pavement, (2) investigate the influence of
sodium acetate on concrete pavement when cured under different conditions, (3) check
the strength development of concrete pavement subject to water, outdoor and pond water
curing, and (4) investigate the morphology and interaction mechanism between concrete
pavement and sodium acetate.
2. Materials and Test Methods
2.1. Materials and Sample Preparations
M5 class mortar with the composition, by mass, of 1:2:0.4 of cement, sand and water
respectively, was produced following the requirements of EN 998-2 [28]. CEM II/32.5 N
(sulphates < 3.5%, chlorides < 0.10%, and initial setting time of 1.25 h) and sharp silica
sand with uniform grain size distribution between 1 mm and 300 µm were used to prepare
the mix. All samples of mortar were produced with water to cement ratio (w/c) of 0.40.
The eco-friendly additive (sodium acetate (C2H3NaO2)) was added in ratios of 2%, 4%
and 6% based on the weight of cement. A control mix with 0% sodium acetate was also
produced for comparison reasons.
A total of 72 prisms with dimensions of 40 mm × 40 mm × 160 mm were prepared.
Eighteen prisms were produced as control mixes, 18 prisms with 2% sodium acetate,
18 prisms with 4% sodium acetate, and 18 prisms with 6% sodium acetate. All prisms
were left to set for 24–48 h before curing under three conditions: (1) in a water bath with
a temperature of 17 ◦C, (2) in a natural environment (outdoors) where the temperature
and humidity were recorded on hourly basis (Table 1), and (3) in pond water where water
was collected from a pond located on the Brunel University London campus and placed
in a bath with a temperature of 17 ◦C. The aim from pond water curing is to examine the
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performance of concrete pavement integrated with eco-friendly additive, when exposed
to harsh environment that contains impurities/algae. All samples were cured for 7 and
28 days before testing.




Average Temperature, ◦C Average Humidity, %
7 Days 28 Days 7 Days 28 Days
Control 8 7 91 91
2% sodium acetate 5 6 91 90
4% sodium acetate 5 6 91 89
6% sodium acetate 5 6 91 89
2.2. Testing Procedures
The experimental program was divided into four main sections: (1) microstructural
analysis, (2) water absorption, (3) flexural strength, and (4) compressive strength.
The microstructure and the interaction between the added sodium acetate additive and
concrete pavement were investigated by using scanning electron microscopy (SEM) [29].
Samples under all different curing conditions were studied to check the influence of curing
conditions on treatment. A thin gold coating was applied to samples before testing under
SEM to enhance their conductivity.
Water absorption was determined for all mixes after 28 days of curing following the
guidelines of the British Standard BS 1881-122 [30]. The purpose of performing this test
is to evaluate the permeability of concrete pavement after incorporating sodium acetate.
Samples were dried in an oven for 48 h at 110 ◦C before commencing the test and then they
were immersed in water for different periods, and the difference in masses between dry
and wet samples were recorded. Masses of samples were taken at the intervals of 0, 30, 60,
120, 240, 360, 720, 1440 and 2880 min.
Flexural strength test was performed after 7 and 28 days of curing, following the
recommendations of the British Standard BS EN 1015-11 [31]. A 3400 Universal Testing
Machine (Instron, Norwood, MA, USA) was used with a loading rate of 50 N/s and with
three-point loading frame.
Following the flexural strength testing, compressive strength was carried out using
the same machine, following the guidelines of the British Standard BS EN 1015-11 [31].
The compressive strength test was carried out by using the loading rate of 9 mm/min.
Figure 1 Illustrates a schematic diagram for the testing program carried out in this research.
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3. Results and Discussion
3.1. Microstructural Analysis
Changes in the morphology of the pore structure of the PCC pavement after the
incorporation of sodium acetate and curing it in different environments were assessed
by running the SEM analysis (Figure 2a–c). As illustrated in Figure 2a, curing the treated
PCC pavement samples in water resulted in the formation of sufficient sodium acetate
crystals within the cement matrix. Forming such crystals will increase the presence of
organosilicon bonds in the matrix. The presence of these bond worked on developing a
dense microstructure with non-existent microcracks [8]. This might refer to the influence of
organosilicon bonds in strengthening the interfacial area between aggregate and cement
matrix and protecting them from debonding. It is witnessed from Figure 2a that calcium
silicate gel was formed with sufficient amounts, which is evidence for a normal hydration
process that was not affected by the presence of the sodium acetate crystals. Also, the
presence of calcium silicate gel is evident for a high strength development of concrete.
Moreover, curing PCC pavement samples in water worked on boosting the hydration
process and, at the same time, forming more organosilicon bonds, which resulted in the
dense microstructure of concrete [6].
On the other hand, some microcracks were observed after the curing of treated PCC
pavement in natural environment (outdoor) (Figure 2b). This might refer to the high
demand of sodium acetate for water to form its crystals, which will be absorbed from the
mixing water that is necessary to complete the hydration process. The absence of water
during the curing period will hinder hydration and result in forming some microcracks [3,6].
Also, it is witnessed from Figure 2b that fewer sodium acetate crystals were formed, which
will result in the development of fewer organosilicon bonds in the matrix. The absence
of organosilicon bonds might contribute to creating a scattered mixture and reducing the
bonding that was observed in the water-cured mix (as shown in Figure 2a). Interestingly, a
high distribution of ettringites was observed in the matrix, which is evidence for a retarded
hydration. This can advance the propagation of microcracks within the mix.
Curing PCC pavement samples in pond water was observed to result in the de-
velopment of low amounts of sodium acetate crystals, which in turn will create fewer
organosilicon bonds inside the pores (Figure 2c). This can be attributed to the presence of
impurities in the water during the hydration process that interfere with the development
and growth of crystals. Also, a high distribution of microcracks was observed in the matrix.
The formation of these microcracks may be also due to the presence of impurities in the
pond water that hinders the hydration process and reducing the reaction between sodium
acetate and silica in aggregate, which will contribute to forming fewer organosilicon bonds.
Also, as seen in Figure 2c, ettringites are present densely distributed within the pores,
which is evidence for the incomplete hydration process. This would result in the formation
of more microcracks in the matrix.
Infrastructures 2021, 6, 113 5 of 11
Infrastructures 2021, 6, x FOR PEER REVIEW 4 of 11 
 
 
Figure 1. An overview of the experimental program. 
3. Results and Discussion 
3.1. Microstructural Analysis 
Changes in the morphology of the pore structure of the PCC pavement after the in-
corporation of sodium acetate and curing it in different environments were assessed by 
running the SEM analysis (Figure 2a–c). As illustrated in Figure 2a, curing the treated PCC 
pavement samples in water resulted in the formation of sufficient sodium acetate crystals 
within the cement matrix. Forming such crystals will increase the presence of organosili-
con bonds in the matrix. The presence of these bond worked on developing a dense mi-
crostructure with non-existent microcracks [8]. This might refer to the influence of orga-
nosilicon bonds in strengthening the interfacial area between aggregate and cement ma-
trix and protecting them from debonding. It is witnessed from Figure 2a that calcium sil-
icate gel was formed with sufficient amounts, which is evidence for a normal hydration 
process that was not affected by the presence of the sodium acetate crystals. Also, the 
presence of calcium silicate gel is evident for a high strength development of concrete. 
Moreover, curing PCC pavement samples in water worked on boosting the hydration pro-
cess and, at the same time, forming more organosilicon bonds, which resulted in the dense 
microstructure of concrete [6]. 
 




Figure 2. Microstructural analysis for PCC pavement treated with sodium acetate and cured in: (a) water bath, (b) natural 
environment (outdoor), and (c) pond water. 
On the other hand, some microcracks were observed after the curing of treated PCC 
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mand of sodium acetate for water to form its crystals, which will be absorbed from the 
mixing water that is necessary to complete the hydration process. The absence of water 
during the curing period will hinder hydration and result in forming some microcracks 
[3,6]. Also, it is witnessed from Figure 2b that fewer sodium acetate crystals were formed, 
which will result in the development of fewer organosilicon bonds in the matrix. The ab-
sence of organosilicon bonds might contribute to creating a scattered mixture and reduc-
ing the bonding that was observed in the water-cured mix (as shown in Figure 2a). Inter-
estingly, a high distribution of ettringites was observed in the matrix, which is evidence 
for a retarded hydration. This can advance the propagation of microcracks within the mix. 
Curing PCC pavement samples in pond water was observed to result in the develop-
ment of low amounts of sodium acetate crystals, which in turn will create fewer organosili-
con bonds inside the pores (Figure 2c). This can be attributed to the presence of impurities 
in the water during the hydration process that interfere with the development and growth 
of crystals. Also, a high distribution of microcracks was observed in the matrix. The for-
mation of these microcracks may be also due to the presence of impurities in the pond water 
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3.2. Water Absorption
With the aim of assessing the performance of concrete pavement when subjected
to wet environments, all specimens were tested for water absorption after 28 days of
curing. As shown in Figure 3a–c, control samples absorbed the highest amount of water
under all curing conditions—water bath, pond water and the natural environment. On the
other hand, using sodium acetate additive resulted in a reduction of the water absorption
rate under all curing conditions, though with varying levels depending on the additive
dosage. The addition of 6% sodium acetate resulted in the lowest permeability among all
mixtures under all curing conditions with maximum water absorption rates of 10%, 12%,
and 13% when cured in the water bath, natural environment and pond water, respectively.
Conversely, adding 2% and 4% sodium acetate showed a modest/no enhancement in
the impermeability of cementitious pavement materials, with water absorption rates in
the vicinity of control under all curing conditions. Moreover, the addition of 2% sodium
acetate caused a reduction of 6% and 5% in the water absorption of concrete when cured
in water bath and natural environment, respectively (Figure 3a,b). Nevertheless, curing
the 2% sodium acetate mix in pond water increased the permeability of concrete to 2%
which is similar to the water absorption rate of the control sample (Figure 3c). In contrast,
the addition of 4% sodium acetate contributed to a moderate reduction in water absorption
of 11%, 9.5%, and 2.5% when concrete was cured in a water bath, a natural environment
and pond water, respectively.
Interestingly, it is evident, from Figure 3a–c that the water absorption rate decreases
with increasing added amount of sodium acetate. Still, the addition of 2% and 4% sodium
acetate additives showed high water absorption rates that are close to control. This could be
due to the formation of organosilicon bonds inside the matrix, as a result of the interaction
between silica in sand and -CH3 group in the dissociated sodium acetate (after its reaction
with water) [3]. These organosilicon bonds are characterised by their hydrophobic proper-
ties that work to fend off water from pores inside concrete, which will be reflected on the
overall water absorption of the concrete [3,25]. Accordingly, increasing the added amount
of sodium acetate leads to a reduction of water absorption rates of samples significantly,
since more organosilicon bonds are formed.
On the other hand, pond water curing (Figure 3c) was noticed to produce higher
water absorption rates than other curing conditions. This is attributable to the presence of
impurities in the pond water that reduce the hydration process of cement and hinder the
reaction between sodium acetate and silica in the aggregate.
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3.3. Compressive Strength
A comparison of the development of compressive strength after 7 days and 28 days
of curing was done for all samples in order to evaluate the influence of the additives on
the cementitious pavement materials. As highlighted in Figure 4a, the addition of sodium
acetate in 2%, 4% and 6% amounts showed a modest enhancement in the compressive
strength of concrete pavement when cured in a water bath for 7 days. On the other hand,
adding sodium acetate in the different percentages showed a significant enhancement in
the strength when concrete pavement was cured in a natural environment after 7 days.
Moreover, only the addition of 2% sodium acetate worked to increase the compressive
strength of concrete pavement when cured in pond water, while the addition of 4% and 6%
sodium acetate negatively affected the concrete pavement with a reduction of 9.5% and
8% in the strength when compared to control. The reduction noticed in the compressive
strength of concrete pavement containing 4% and 6% sodium acetate and cured for 7 days
in pond water could be due to the presence of a high amount of water at such AN early
age. As observed by Al-Kheetan et al., sodium acetate helps increase the workability of
concrete [3]. This increase in the workability accompanied by the formation of organosili-
con bonds in the matrix can potentially hinder the hydration process of concrete at early
ages, which negatively affects the compressive strength of the concrete [3,25]. Additionally,
the presence of some impurities in pond water might also influence the hydration process
of concrete, resulting in a strength reduction, whereas the addition of 2% sodium acetate
did not reduce the strength of concrete, which is probably due to the small percentage
of the added sodium acetate (fewer organosilicon bonds with sufficient/lower workabil-
ity). When it comes to the 28 days curing period (Figure 4b), concrete showed a general
reduction in compressive strength when cured in a water bath and an outdoors environ-
ment. A maximum reduction in compressive strength of 17% (compared to control) was
observed after a 6% sodium acetate addition to concrete pavement when cured in a water
bath. A minimum reduction of 2% in the strength was noticed when 2% sodium acetate is
added to the materials and cured in an outdoors environment. However, curing concrete
pavement in pond water resulted in a general increase in the compressive strength levels
of 6%, 2% and 1% after the addition of 2%, 4% and 6% sodium acetate, respectively (com-
pared to control). The generated reduction in compressive strength of concrete pavement
after curing in water bath and outdoor environment (Figure 4b) could be attributed to the
high presence of organosilicon bonds in cementitious composites, which are characterised
by their hydrophobic properties [8,23,25]. The presence of cementitious composites in
favourable curing conditions like a water bath and an outdoors environment would boost
the formation of enough organosilicon bonds in the matrix that can potentially lead to
repelling water outside the pores, which is necessary to complete the hydration process.
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The reduction of compressive strength is observed to grow with increasing added amount
of sodium acetate from 2% to 6%, which is evident for the influence of increasing the
organosilicon bonds on cement paste/matrix. On the other hand, the increase in com-
pressive strength after curing concrete pavement in pond water refers to the presence
of high percentages of impurities that interfere with the formation of high quantities of
organosilicon bonds in the matrices. Nevertheless, further research is needed to analyse
the chemical composition of pond water and its effect on concrete.
Infrastructures 2021, 6, x FOR PEER REVIEW 8 of 11 
 
can potentially lead to repelling water outside the pores, which is necessary to complete 
the hydration process. The reduction of compressive strength is observed to grow with 
increasing added amount of sodium acetate from 2% to 6%, which is evident for the influ-
ence of increasing the organosilicon bonds on cement paste/matrix. On the other hand, 
the increase in compressive strength after curing concrete pavement in pond water refers 
to the presence of high percentages of impurities that interfere with the formation of high 
quantities of organosilicon bonds in the matrices. Nevertheless, further research is needed 
to analyse the chemical composition of pond water and its effect on concrete. 
  
(a) (b) 
Figure 4. Compressive strength of PCC pavement after a curing period of: (a) 7 days and (b) 28 days. 
3.4. Flexural Strength 
The resistance of PCC pavement against deformation was assessed by conducting a 
flexural strength test at 7 and 28 days. As shown in Figure 5a, only the addition of 2% so-
dium acetate to concrete led to an increase in its flexural strength when cured under all 
curing conditions for 7 days, i.e., 6%, 46%, and 4% increase in strength when cured in a water 
bath, outdoors environment and pond water, correspondingly. An increase of 15% and 25% 
were also noticed after the addition of 4% and 6% sodium acetate, respectively, to concrete 
pavement when cured in an outdoors environment (Figure 5a). On the other hand, a maxi-
mum reduction of 43% was noticed in the flexural strength of the 6% sodium acetate con-
crete pavement when cured in pond water. As stated previously, it is verified that 4% and 
6% sodium acetate concrete pavement cured for 7 days under water bath and pond water 
condition suffered from a strength reduction when compared with control. This could be 
attributed to the impact of two joint factors: (1) the consumption of a high amount of water, 
at such early age, by the added sodium acetate compound in order to form hydrophobic 
organosilicon bonds, which in turn will lead to repelling the water necessary to continue the 
hydration process to the surface of cementitious composite and, (2) the incomplete hydra-
tion process at an early age (7 days). Moreover, adding 2% sodium acetate contributed to a 
significant increase in flexural strength, especially when concrete pavement is cured under 
favourable curing conditions like a water bath and an outdoors environment. The addition 
of a small percentage of sodium acetate (2%) to concrete pavement will produce fewer or-
ganosilicon bonds compared to those formed when high percentages of sodium acetate are 
added to mixtures. The ability of the formed organosilicon bonds, in the case of 2% sodium 
acetate, to repel the water that is necessary to continue the hydration process will be less 
than those formed after adding 4% and 6% sodium acetate [8,23,25]. As illustrated in Figure 
5b, after 28 days of curing of sodium acetate concrete pavement in a water bath a general 
reduction was observed, along with another modest reduction for the 2% sodium acetate 
concrete pavement when cured in an outdoors environment. Curing cementitious compo-
sites in a water bath will create a suitable environment for the added sodium acetate to form 
Figure 4. Co pressive strength of P pave ent after a c ri g eri f: (a) 7 ays a ( ) 28 a s.
3.4. Flexural Strength
The resistance of PCC pavement against deformation was assessed by conducting
a flexural strength test at 7 and 28 days. As shown in Figure 5a, only the addition of 2%
sodium acetate to concrete led to an increase in its flexural strength when cured under all
curing conditions for 7 days, i.e., 6%, 46%, and 4% increase in strength when cured in a
water bath, outdoors enviro ment and pond water, correspondingly. An increase of 15
and 25% were also notic d after the addition of 4% and 6% sodium acetate, respectiv ly,
to concrete pavement when cured in an outdoors environment (Figure 5a). On the other
hand, a maximum reduction f 43% was noticed in the flexural strength of the 6% sodium
acetate concrete pavement when cured in pond water. As stated pre iously, it is verifie
that 4% and 6% sodium acetate concrete pavement cured for 7 d ys under water bath and
pond water con iti n suffered from a stre gt reduction when compared with control.
Th s could be attributed to the imp of two joint factors: (1) the consumption a high
amount of w t r, at such early age, by th dded sodium acetat compound in rder to
form hydroph bic organosilico bonds, which in turn will lead to repelling the water
necessary to continue the hydration process to the surface of cem ntitious composite
and, (2) the incomplete hydration pr cess at an early age (7 days). Moreover, a ding
2% sodium acetate contributed to a signific nt increase in fl xural strength, especially
when concrete pavement is cured under favourable c ring co ditions like a w ter bath
and an outdoors environment. The addition f a small percentage of sodium acetate
(2%) to concrete pavement will produce fe er organosilicon bonds compared to those
formed when high percentages of sodium acetate are added to mixtures. The ability of the
formed organosilicon bonds, in the case of 2% sodium acetate, to repel the water that is
necessary to continue the hydration process will be less than those formed after adding
4% and 6% sodium acetate [8,23,25]. As illustrated in Figure 5b, after 28 days of curing
of sodium acetate concrete pavement in a water bath a general reduction was observed,
along with another modest reduction for the 2% sodium acetate concrete pavement when
cured in an outdoors environment. Curing cementitious composites in a water bath will
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create a suitable environment for the added sodium acetate to form high amounts of
hydrophobic organosilicon bonds that can lead to a reduction in the bonding strength
between hydrated cement and sand. This will be negatively reflected in the overall flexural
strength. In contrast, curing the sodium acetate concrete pavement in pond water improved
the flexural strength (regardless of the amount of sodium acetate added). Furthermore,
the addition of 2% sodium acetate to concrete that was cured in pond water worked to
produce concrete with the highest flexural strength.
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n other hand, adding 4% and 6% of sodium acetate to concrete pav ment worked
on increasing the flexural strength wh cured in an outdoors envir nment. The increase in
the strength of sodium acetate concrete pavement when present in pond water is evidently
due to the presence of contaminants in water, which might influence the formation of
organosilicon bonds (hinder its formation in large qua tities). The increase in the strength
of 4% a d 6% sodium acetate concret pavement when cur d in an outdoors environment
might be at ributed to the c ring environment that is not governed by th presence of
wat r. The absence of water during curing might potentially lead to the form tion of fewer
organosilicon bonds, which will decrease t e flexural strength impact.
4. Conclusions
This studied aimed to enhance PCC pavement properties by integration of sodium
acetate under various curing conditions including an outdoors environment, a water bath
and pond water. Accordingly, the following conclusions can be drawn from the work
conducted in this study:
(1) Adding sodium acetate to concrete pavement resulted in a maximum reduction of
44%, when 6% sodium acetate was used and the samples were cured in a water bath.
(2) An increase of 6% in the compressive strength of concrete pavement after 28 days of
curing in pond water was observed when 2% sodium acetate was added. The same
trend was noticed in compressive strength when concrete pavement is cured in a
water bath and an outdoors environment for 7 days.
(3) The presence of high levels of organosilicon bonds in concrete (after the addition
of sodium acetate) worked to reduce the bonds between cement and sand, which
negatively affected compressive strength of concrete at the age of 7 days.
(4) A reduction of 43% was noticed in the flexural strength of the 6% sodium acetate con-
crete when cured in pond water after 7 days of curing, which refers to the formation
of high levels of organosilicon bonds in the matrix.
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(5) A significant increase in flexural strength was observed in sodium acetate concrete
pavement after 28 days of curing in pond water, which is consistent with the com-
pressive strength outcomes.
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